This study addresses the influence of water-level fluctuations on fish distribution at two temporal scales: seasonal (dry and rainy) and interannual (low and high volume conditions). The analysis of abundance relationships among three zooplanktivore Chirostoma species at fifteen sites in Lake Chapala, Mexico, revealed the significant influence of contrasting conditions (P=0.0002). Seasonally, segregation was more related to species dominance in the dry season and exclusively related to environmental characteristics in the rainy season. Interanually, biotic influence occurred in the shallowest and the deepest episodes of the lake. Environmental characteristics influenced species distribution when the lake reached 25% of its volume. Site, depth, temperature, and salinity were the leading factors influencing fish distribution. These results emphasize the necessity to implement different management strategies according to lake volume, particularly when a critical threshold is reached.
Introduction
Water-level fluctuations are the decisive element of hydrology especially in shallow lakes, and may have an overriding effect on the biota's ecology, functioning and management (Coops et al., 2003) . Water-levels in shallow lakes naturally fluctuate intra-and interannually depending largely on regional climatic conditions (e.g. temperate, semi-arid and, arid) and human activities (Blindow, 1992) . In shallow lakes, especially those of large area, a change in depth affects different environmental characteristics such as turbidity, salinity, and temperature (Rossier, 1995; Fischer & Eckmann, 1997) . In some cases these factors may vary three fold among seasons (Fukuhara et al., 2003) .
Multiscale distribution patterns of fish, within environmental fluctuations events, have been described in relation to various aspects: local processes and regional patterns (Olden & Jackson, 2001) , habitat heterogeneity (Hargeby et al., 2004; Fischer & Öhl, 2005) , environmental gradients (Tejerina-Garro et al., 1998; Brind'amour et al., 2005) , and habitat alteration processes (Welker & Scarnecchia, 2006) . However, very few studies have simultaneously evaluated the relationship between fish distribution and environmental variables at different temporal scales, including contrasting habitat characteristics (Hayes et al., 1992; Connell & Kingsford, 1998; Meryem et al., 2007) . This information is critical for the development of effective conservation efforts and management policies. Consequently, the goal of the present work was to analyze the spatial patterns of closely related species, according to physical and chemical characteristics, at different seasons and years within a waterlevel fluctuation event.
Lake Chapala was selected for this study because it had an important volume change -a major loss of volume and a subsequent recovery (in millions of cubic meters: 2,839 in 1999; 2,147 in 2000; 1,820 in 2001 with a recovery to 5,286 in 2005) (CNA, 2006) . In addition, this lake has the most important adaptive radiation of atherinopsids in fresh water: The Chirostoma flock consisting of eight species (Barbour, 1973; Barbour & Chernoff, 1984) . We selected three species for the analysis -Chirostoma jordani, C. consocium, and C. labarcae -because they are the dominant species within the flock, they belong to the same guild (zooplanktivores), and they are the objective species of the local "charales" fishery (Moncayo-Estrada & Buelna-Osben, 2001; Moncayo-Estrada et al., 2011) . Thus, these were expected to have strong population interactions related to the water fluctuations.
In this study, we used constrained ordination to describe the influence of five selected environmental variables, that better described the lake characteristics, and interspecific relationships on the distribution of the three fish. We asked three questions: (1) Is there a significant difference in the species spatial patterns in contrasting conditions (low and high volume levels)? (2) What aspects, biological relations and/or environmental influence, define the species distribution at the seasonal scale? (3) Is it possible to identify a critical volume, between contrasting conditions, when environmental characteristics have an important effect on fish distribution? Answers to these questions will allow the exploration of how heterogeneity in environmental characteristics may influence fish persistence in shallow lakes. Additionally, they could help to elaborate management strategies using easily measurable variables.
Material and Methods

Study Area
Lake Chapala, Mexico (20°21'18"N 103°26'30"W), is a large, shallow and turbid lake. With a relative depth of 0.02%, this lake is one of the largest shallow lakes in the world (Lind & Dávalos-Lind, 2002) . It is an ancient tropical lake with a regular ellipsoid shape that measures an average 75 km long and 24.8 km wide. According to biophysical characteristics, Lake Chapala is defined as neotectonic and oligotrophic (Lind & Dávalos-Lind, 1991) . The lake has not been at capacity (7,897 millions of cubic meters) since 1974, with a continuous decline in volume interrupted with periods of partial volume recovery (relationship among volume and depth was established by the Secretary of Hydraulic Resources according to a locally defined benchmark where 1,523.80 m above sea level is defined as the maximum capacity and 8 m average depth). One low period occurred in 2001 (20% of the total lake volume, 1.5 m average depth and 2 m maximum depth) and a strong recovery episode occurred in 2005 (67% of the total lake volume, 4.1 m average depth and 8 m maximum depth) (CNA, 2006) . Lake Chapala is influenced by a well-defined rainy season, from June to October, and a dry season during the rest of the year (Lind & Dávalos-Lind, 1991) .
Sampling procedure
The study covers a total of four years: three times during low volume conditions (1999 to 2001) and once time during high volume conditions (2005) . Fish abundance and environmental variables were quantified over 15 sites that systematically covered the lake (Fig. 1) . The sampling design was defined as a net of sites separated approximately ten kilometers from each other. This net was located in such a way to cover different habitat characteristics (rivers inflow and outflow, different depth and bottom type, littoral and limnetic zones). Each site was located by a global positioning system (Garmin-GPS 12) with a precision of 6 m. The sites were surveyed seasonally every year, in the peaks of the dry (May) and the rainy (August) seasons (30 fish samples each year but 2001 when five sites, mainly related to the south shore of the lake, dried up in the dry season).
Five environmental variables were measured immediately before the fish collections at each site using a Hydrolab DataSonde 4X (Hach Company). These variables were selected because they better described the limnological characteristics of the lake at different years (Chávez ,1973; U de G, 1983; Guzman, 1995 Guzman, , 2002 Lind & Davalos-Lind, 2002) : water depth (m), turbidity (NTU), temperature (°C), dissolved oxygen (mg·l -1 ), salinity (ppt), conductivity, and pH. According to the limnetic distribution of the zooplantivores Chirostoma species (Moncayo-Estrada & Buelna-Osben, 2001 ), fish were sampled with a mid-water net (50 m x 2 m) trawled by boat for 15 min per site. Individuals of Chirostoma jordani, C. labarcae, and C. consocium were selected and preserved with 10% buffered formaldehyde. The identity of the fish was corroborated at the laboratory using biometric parameters, with the help of Barbour's (1973) identification keys, and other life strategies were considered for discussion (Table 1) . Specimens were CPUM 5000, 5003, 5006, 5009, 5012, 5015, 5018, 5021, 5024, 5027, 5030, 5033, 5036, 5039, 5042 for year 2000 and CPUM 5045, 5048 for year 2005; C. labarcae, CPUM 5001, 5004, 5007, 5010, 5013, 5016, 5019, 5022, 5025, 5028, 5031, 5034, 5037, 5040, 5043 for year 2000 and CPUM 5046, 5049 for year 2005; C. consocium, CPUM 5002, 5005, 5008, 5011, 5014, 5017, 5020, 5023, 5026, 5029, 5032, 5035, 5038, 5041 , 5044 for year 2000 and CPUM 5047, 5050 for year 2005.
Data analyses
To test the hypothesis that there were no distribution differences between contrasting environmental conditions, we only used years 1999/2000 (low lake volume) and 2005 (high lake volume). We excluded 2001 because of the lack of information in five sites which dried up that year. Distancebased permutational multi-variate analysis of variance (PERMANOVA - Anderson, 2001 ) was employed in a twoway factorial design to test for differences among years and between seasons. Bray-Curtis dissimilarities were used for this test due to the frequency of zeros in the data set (McCune et al., 2000) . Differences among years were considered significant at a P-level<0.016 (Bonferroni's correction: α = 0.05/3 comparisons). The statistical significance of multivariate variance components were tested using 4,999 unrestricted permutations of raw data using correct permutable units (Anderson, 2001) . PERMANOVA was performed using PC-ORD version 5.07 (McCune & Mefford, 2006) .
We used generalized additive models (GAM) to characterize the seasonal trend of environmental effects and biological relations on fish distribution. The abundance data from those years within low volume conditions (1999 to 2001) were joined to run this analysis. For considering species interactions, we set up GAM models where each modeled species was incorporated as a predictor into the model of another species (Brzeziecki, 1987) . Variation partitioning with a different explanatory set of variables was established: (i) pure effect of environmental characteristics, (ii) pure effect of species dominance and (iii) the two groups of explanatory variables. GAM is a non-parametric regression method where least squares fits in linear regression are replaced by smoothes using local smoothers (Hastie & Tibshirani, 1990) . We used the Gaussian distribution for the models, as well as the locally weighted smoother of Cleveland (1979) , currently designed by ''lowess''. Results from the GAM models are displayed as a set of effects plots. Each plot shows the best fitting smooth and 95% confident limits (strictly Bayesian credible intervals) for the effect of a covariate on the parameter of interest (Wood, 2006) . GAM models were set up using the 'gam' package in the freeware R (version 2.5.1) (Hastie, 1992) .
We used the distance-based redundancy analysis (db-RDA) (Legendre & Anderson, 1999) to identify the critical volume threshold that results from multivariate interactions between the species spatial patterns and environmental characteristics. We analyzed dry and rainy seasons, including all years, in the low and high volume conditions of the lake. This analysis was selected because a detrended correspondence analysis, not presented here, showed species turnover <2 SD units, which is the recommended criterion for choosing linear versus uni-modal ordination models (Lepš & Šmilauer, 2003) . Bray-Curtis distant measure was used as this is reasonable for ecological data sets (McArdle & Anderson, 2001 ). The db-RDA was carried out on the correlation matrix and forward selection procedure was used to determine significant explanatory variables (P = 0.05) (Magalhães et al., 2002) . Statistical significance was determined by Monte-Carlo tests using 499 permutations. Abundance values were transformed logarithmically and those environmental variables that failed normality were transformed using square root transformation. CANOCO 4.5 computer program was used to run db-RDA (ter Braak & Šmilauer, 2002) .
Results
Environmental variability
Seasons and years differed significantly in environmental characteristics, particularly in the lowest and highest volume conditions ( Table 2) . Depth of high volume conditions -year 2005 -was around three times greater than low volume conditions -year 2001 -in both seasons. Turbidity was two magnitude orders greater in low volume than high volume conditions, but year 1999, and varied mainly in the high volume regime. There was a slight but non-significant tendency for surface water temperature to be higher during warmer recovery years. In general, mean dissolved oxygen was greater in high volume conditions than in low volume. Salinity, conductivity, and pH increased in both seasons within low volume conditions of the lake (Table 2) . Table 1 . Chirostoma species biometrics and life strategies characteristics. Abbreviations are: Chirostoma jordani (jor), C. labarcae (lab) C. consocium (con) weight (W; average, maximum-minimum), standard length (SL; average, maximum-minimum), jaw length (Jaw; average, maximum-minimum) and March (Mar; sample sites). Number of individuals of copepods and cladocerans found on the diet. Tolerance: Tolerant (T) and medium tolerance (M).
Spatial distribution variability
A total of 21,239 fish belonging to the three target species were captured during our study. Including all years, 58% were captured in August whereas 42% were captured in May. Chirostoma jordani represented 61% of the total number captured, C. consocium 34%, and C. labarcae 5%. A significant difference in the Chirostoma species distribution, when comparing years of contrasting conditions (low and high volume), was supported by our PERMANOVA results (P = 0.0002). Meanwhile, in the comparison between seasons and the interaction between years and seasons, there were not significant differences (Table 3) . A posteriori pairwise tests of dispersion among years showed that two of the three possible pairwise were significantly different. The three species abundance at different sites was similar in years 1999 and 2000 (t = 1.14, P = 0.27), but these years differed from year 2005 (t = 3.70, P = 0.0002 and t = 5.56, P = 0.0002, respectively).
Environmental and biological effects at seasonal scale in low volume conditions
Different environmental variables from our exploratory GAM were significantly related to each of the three Chirostoma species in the dry season (May) ( Table 4) . Chirostoma jordani was correlated with depth, particularly in shallow conditions (<1 m), and with temperature, in the middle values of the range (23.5 to 25°C) (Fig. 2) . Both environmental variables accounted for 30.6 % and 16.6% of the total deviance, respectively. Chirostoma labarcae was related to the variable 'site', with a preferential distribution in the middle of the lake. Chirostoma consocium was mostly present at higher values of salinity (0.55 to 0.8 ppt) and this variable accounted for 31.3% of the total deviance (Fig. 2) . In the rainy season (August), the variable 'site' was significantly correlated with two species showing a differential distribution: Chirostoma jordani was mainly found in the shallow eastern and western ends and C. consocium occupied the deeper central zone of the lake (Fig. 3) . The last species was also highly correlated with temperature (values close to 22.5°C). A correlation among species only occurred in the dry season. Chirostoma jordani was positively related to C. consocium (high abundance values of both species) in the lake's western end and C. jordani was negatively related to C. labarcae (low abundance values of C. labarcae when C. jordani was dominant). Chirostoma labarcae was also positively related to C. consocium but in the middle of the lake (Fig. 4) . When combining the two groups of variables only two relations persisted. In the dry season the positive correlation between Chirostoma jordani and C. consocium. In the rainy season the relation between C. jordani and 'site' with the preferential distribution in both ends of the lake.
Environmental effects on species abundance at seasonal and annual scale
The forward selection procedure in db-RDA in the dry season revealed the presence of a significant effect of depth on species distribution in 1999 (P < 0.02) (lake volume of 2,291 millions of cubic meters). This variable contributed to the observed significant association between fish species and environmental characteristics (Monte-Carlo test; P <0.002). The first two dbRDA axes in the dry season accounted for a large proportion of variability in species-environment relations (98.9%) and represented 80.6% of the variation in species data ( Table 5 ). The ordination diagram defined by the first two dbRDA axes mainly reflected in the first axis a depth gradient (Fig. 5a) . Distribution of site scores in this ordination space reflected a clear break between shallow and deep zones of the lake, associated with differential abundance of the species.
In the rainy season, the forward selection in db-RDA revealed in 1999 the presence of an effect of salinity and in 2000 of temperature on assemblage variation (P = 0.048 and P < 0.04, respectively) (lake volume in millions of cubic meters of 2,839 in August 1999 and 2,147 in August 2000). The observed association between fish species and environmental characteristics was significant (Monte-Carlo test; P < 0.004 in 1999 and P < 0.02 in 2000). The first two db-RDA axes Table 3 . Permutational multivariate analysis of variance (PERMANOVA) on the basis of Bray-Curtis dissimilarities for the distribution of three species of Chirostoma in the Lake Chapala in three years (1999, 2000, and 2005 ) and two seasons per year (rainy and dry). (Table 5 ). The 1999 rainy season ordination diagram showed salinity and depth gradients related to the first and second axes respectively (Fig. 5b) . The influence of depth and temperature was reflected better by both axes in 2000. Particularly, the shallowest sites 1 and 4 are related with the temperature vector (Fig. 5c ).
Discussion
Results from the present study show that volume change in the shallow Lake Chapala -a critical low volume and a recovery period -could modify the distribution patterns of three closely related species of Chirostoma. This conclusion leads to the necessity of implementing different management strategies according to volume level. The methods used to evaluate the different temporal scales helped to identify that species segregation was more affected by the correlation among species dominances in the dry seasons and year 2001 -when the lake reached a critical low volume. On the other hand, the analysis of the rainy season and recovery conditions of the lake showed a high correlation with site and the environmental factors analyzed. Depth, salinity, and temperature were the pertinent environmental variables that most accurately described fish spatial patterns.
In general, in the spatial dimension, species distribution patterns divide Lake Chapala into three zones: eastern, central, and western zones. A similar arrangement had been described Table 4 . Results of General Additive Modeling (GAM) analysis of the effects of (i) the environmental characteristics, (ii) the species abundance and (iii) the combination of the two groups on the zooplanktovorous Chirostoma species at seasonal scale in three years (1999, 2000, and 2001 , DO), salinity (ppt, Sal), Chirostoma jordani (jor), C. labarcae (lab), and C. consocium (con). Shown are the probability values for the full GAM model for each variable. Significant codes: **0.01, *0.05. before in Lake Chapala from the study of physical (turbidity and secchi depth) and biological characteristics (phytoplankton production and Chlorophyll a concentration), defining a distinct spatial (east-west) gradient (Lind & Dávalos-Lind, 1991) . In the temporal dimension, in low volume conditions, fish abundance varied only in a few sites between seasons in the same year (PERMANOVA, P =0.06) ( Table, 3 ). The only exception to this pattern was year 2001 when Chirostoma jordani dominated in most sites and this could be related to species' small size and fast growing and long maximum reproduction cycle (Table 1) . However, abundance changed greatly in recovery conditions (2005) and Chirostoma consocium overcome the C. jordani dominance in the western region an aspect that explains the significant difference among years (Table 3) . Such change could be related to the recovery of food arenas and reproductive grounds (Table 1) . Water-level fluctuations in shallow lakes may dramatically change the dominant pattern of fish and, in low volume periods, tolerant species generally overcome other species (Lévêque, 1997) . From the three species, Chirostoma jordani is the most tolerant and widely distributed species (Lyons et al., 2000) , aspects that explain the change in dominance in contrasting periods of the lake (Table 1 ). The strong relationship between fish abundance and the bathymetric profile of the lake, identified water depth as an important factor linked to fish distribution. In temperate lakes this relationship is better established in vertical stratums where surface waters, mainly related to the littoral and limnetic zones, offer different conditions than the deeper stratum (Hamrix, 1986; Brosse et al., 1999) . However, in the case of large shallow lakes and particularly in low volume conditions, the differentiation is only related to littoral and limnetic zones. This occurs because a constant mixture of the full water column, associated with Langmuir supercells (Gargett et al., 2004) , vertically homogenize the environmental characteristics (Lind & Dávalos-Lind, 1991) . In dry and rainy seasons, species tended to keep segregated by choosing zones with different depths: Chirostoma jordani occupied the eastern and western shallow littoral zones, and C. labarcae and C. consocium preferentially distributed into central deep limnetic areas (Figs.  2a, 3) . This pattern was also graphically represented in the ordination analysis when depth was the most important variable correlated to the differential distribution of all species (May 1999, F = 1.63; P < 0.018) (Fig. 5a) . Similarly, in tropical floodplain lakes the structure of the fish assemblage was predictably related mainly to depth and transparency (Tejerina-Garro et al., 1998; Pouilly & Rodríguez, 2004) .
A preferential distribution from Chirostoma species to areas with higher salinity has been related to the marine origin of these fish (Barbour, 1973) . Although there is a differential distribution of the three species in a salinity gradient, this is not necessarily related to a tolerant response. The salinity values of Lake Chapala are smaller than those from other Central Mexico lakes (i.e. Lake Cuitzeo), where Chirostoma jordani is distributed preferentially in places with high salinity (8.0 ppt) (Martínez-Pantoja et al., 2001) . In the ordination analysis of August 1999 this factor was also related to fish distribution (F = 1.7; P < 0.048). When projecting the species point to the axis of salinity in the db-RDA (Fig. 5b) , the results showed that Chirostoma consocium was mainly found in sites with higher salinity than C. jordani. In years 1999 and 2000 when Lake Chapala has an intermediate volume level between low and high volume conditions, two aspects might be related to significant effect from the environmental variables on fish distribution patterns. First, a more relaxed species interaction and, second, a stronger spatially structured habitat. The reason that two different seasons in subsequent years showed an influence from the environmental characteristics is related to the similar volume level in both (2,219 mm 3 in average). Such value represents the 25% volume of the lake and provides a probable critical level when the environmental variables affect more the fish distribution.
The importance of species interactions in structuring communities compared with abiotic factors has been described in littoral portions of lakes (Hinch et al., 1991; Brind'Amour et al., 2005) . In Lake Chapala, the continuously high abundance values and spatial dominance of Chirostoma jordani and C. consocium, compared with C. labarcae, suggests a major influence by biotic rather than abiotic factors on distribution. This influence varies at different temporal scales: on the seasonal scale the species dominance affected the spatial patterns more in low volume conditions (dry) and could be related to reproductive peaks (March to May) ( Table 1) . On the interannual scale, species dominance influenced fish distribution only during low volume critical conditions (2001) and the recovery of Lake Chapala (2005) . In the case of the low volume conditions, this aspect could be related to more forced species interactions as a change in population density due to change in water volume ('concentration' effect) (Blake, 1977; Ita, 1978) . The influence of biotic relationships in recovery conditions could be related to the increasing transparency of a deeper lake that affects prey distribution (Castro et al., 2007) , the development of feeding arenas where species tend to coincide according to similar diets (Walters & Martell, 2004) (Table 1) .
The analysis of two seasons in four years within contrasting environmental conditions, provided a general preliminary insight into the effects of scale on differential distribution of closely related fish. The present study shows that the distribution of the three target species of Chirostoma is ruled by a combination of several abiotic-biotic variables acting mainly in a nonlinear way. These complex responses had been related to a trade-off between searching for food and avoiding competitors and predators (e.g., Brosse & Lek, 2002) . In recovery conditions selective segregation and habitat changes were probably the mechanism responsible for the spatial patterns among the species analyzed (e.g., Welker & Scarnecchia, 2006) . However, in critical low volume conditions the avoidance of interactive segregation and competition appears to be related to a different resource dimension (food and reproduction grounds). Examples include life-history variations which were related to differences in consumption for distinct predator size classes, and resource partitioning of the same food items such as the differential consumption of plankton prey taxa by the different Chirostoma species (Moncayo-Estrada et al., 2010) (Table 1) .
The increasing impact from water-level fluctuations on shallow lakes, as long series of dry years occur more frequently, makes it increasingly important to understand the relationships between organisms and their environment. Our results show that overall trends in fish distribution can be assessed using different environmental variables and the species dominance. However, the finding of other pertinent variables must involve the analysis of a greater number of environmental variables and biotic factors such as abundance and distribution of preys. The analyses applied in this study potentially can help delineate conservation strategies in two critical aspects. First, by estimating relative abundance and effective fishing effort according to site and environmental characteristics preference by the species (e.g., Bigelow et al., 2002) . Second, by defining a minimum critical volume of Lake Chapala to maintain biological integrity, principally, when the influence of the environmental variables has a greater effect on the species spatial patterns. This knowledge, in turn, will maximize stocking efficiency of Chirostoma in conservation programs trying to preserve fish diversity by implementing aquacultural initiatives as part of repopulation programs.
Although meteorological conditions have been described as the main driving factors affecting the lake volume change, some authors associated the declining water regime in the 1990's to the human use of water in the basin (de Anda & Shear, 2001) . Two closely related arguments support the role of human water use in reduced lake levels: (1) Despite an increase in rainfall the inflow value from the Rio Lerma dropped by more than half due to over exploitation upstream (inflow from 1922 to 1969 This study presents several possibilities for future research. First, an analysis including all species flock would validate whether or not there is a decisive influence from predators (large piscivorous Chirostoma species) on zooplanktivores distribution patterns. Second, a population dynamics study including not only the fish species but their preys in water-level fluctuations events (i.e. Sogard & Olla, 1993; Lacroix & Lescher-Moutoué, 1995; Jacobsen et al., 2004) . Because zooplanktivore spatial patterns have been correlated to prey distribution and interference, the application of the analyses presented in this study have realistic potential to explain the population dynamics of preys.
